Introduction
1 Severe thunderstorms, with their attendant strong winds, hail, flooding, and tornadoes, are 2 common phenomena in many European countries, leading to a total damage estimate of 5 to 8 3 billion euros per year (source: Munich Re Group). Extreme events like an F4 tornado in 4
France and an F3 downburst in Austria in 2008 exemplify these damage totals. However, 5 documentation and analysis of European severe convective storms in the scientific literature 6 have been relatively sparse from about 1950-2000. Most notably, a pan-European database of 7 in situ severe storm reports was unavailable even a few years ago. 8
It is well established that severe thunderstorms require the presence of specific 9 "ingredients" (e.g., Doswell et al., 1996) such as the presence of moisture and instability, a 10 source of upward motion and strong vertical wind shear. An important question is which 11 processes lead to the simultaneous occurrence of those ingredients at a certain point. In 12 answering this question for European storms, a particular challenge is posed by the many 13 mountain ranges and the complex coast line of Europe. These likely play important roles in 14 creating regionally favourable circumstances for severe thunderstorms, for example by the 15 mesoscale flows that they induce. A better knowledge of European severe thunderstorms 16 could bring new insights into these issues and also foster climatological evaluation and 17 forecasting of severe thunderstorms worldwide. 18 Accordingly, the European Severe Storms Laboratory (ESSL) was founded in 2002 as 19 an informal network of European scientists and formally established in 2006 as a non-profit 20 research organisation. Legally, the ESSL is a registered association (eingetragener Verein, 21 e. V., under German law) with the following primary statutory purposes: 22 • basic and applied research on severe weather events; 23
• development and quality-control of the European severe weather database, ESWD; 24
• support or organisation of the European Conferences on Severe Storms, ECSS. 25
One important thing to note is that neither issuing forecasts nor warnings are among the 26 activities of the ESSL, as these are core duties of the European national meteorological and 27 hydrological services (NMHS). However, this paper will demonstrate that the ESWD data 28 provide many new opportunities to verify forecast or nowcasting products or warnings. 29 ESSL's development status, as well as its research planning for the next years, 30
includes the involvement in EU-funded research projects and initiatives. Concerning 31 international collaboration, the ESSL had signed a cooperation agreement with the European 32
Meteorological Society (EMS) in September 2007. Furthermore, already four NMHS are 33 partners of the ESSL: AEMet (Spain), DWD (Germany), NIMH (Bulgaria) and ZAMG 1 (Austria). Of these, DWD is also an institutional ESSL member since 2007. EUMETSAT 2 became a member as well in the fall of 2008. Cooperation with additional NMHS, 3
EUMETNET (e.g. with respect to www.meteoalarm.eu), or the ECMWF is desired on the 4 road to establishing the ESSL within the European atmospheric science community. 5
As the ESSL still is a young start-up organisation, its scope of research must presently 6 focus on topics which do not require large resources. Most of the science during the last years 7 was related to applications of the ESWD database, and this paper touches upon the most 8 prominent points in the following sections. So, here we only briefly review the third pillar of 9 ESSL activity, the ECSS conferences. presented for the first time, honouring an outstanding presentation by a team led by a 25
European scientist and involving colleagues from at least one more European country. The 26 next ECSS in Landshut, Germany from 12-16 October 2009 will be organised by ESSL and 27 also present the second Tooming award. 28
Further information on the ESSL and its development is available from its websites 29 www.essl.org as well as www.eswd.eu and www.ecss.eu. In addition to its main site, the 30 ESWD development is documented at essl.org/projects/ESWD/. The present paper is 31 organised as follows: Sec. 2 outlines the severe storm reporting practice, ESWD quality-32 control, and data exchange with collaborating organisations. Sec. 3 presents the applications 33 of the ESWD database and ESSL's other initial research activities. Secs. 4 and 5 provide 1 discussion and conclusions, respectively. 2 3 2 ESWD database management 4 The main goal of the ESWD database (Groenemeijer et al., 2004 (Groenemeijer et al., , 2005 is to collect and 5 provide detailed and quality-controlled information on severe convective storm events in 6 Europe using a homogeneous data format and web-based, multi-lingual user-interfaces where 7 both the collaborating NMHS and the public can contribute and retrieve observations. 8
The following categories of severe weather are included in the ESWD at this time: 9
Straight-line wind gusts (v > 25 m s -1 ), tornadoes, large hail (diameter > 2 cm), heavy 10 precipitation, funnel clouds, gustnadoes, and lesser whirlwinds. To extend the range of 11 reports must be expected, without signifying a real trend in occurrence. These include (a) the 32 rather low number of reported waterspouts compared to the number of tornadoes over land, 33 and (b) the not yet completely homogeneous reporting density over Europe (cf. Fig. 1a ), 1 sometimes reflecting discontinuities across national borders. 2 Similar or even stronger underreporting must be expected for the funnel cloud reports 3
in Table 1, even though the jump from 4 to 10 reports until 2002 to more than 250 reports per  4 year now is already impressive. A parallel evolution of reports can be seen for the straight-5 line winds, hail, and heavy precipitation reports. Their numbers have strongly risen since 6
2005. The fact that, for instance, the damaging wind or hail reports now exceed the number of 7 tornadoes is physically plausible: These phenomena are much more likely to occur than 8 tornadoes, as fewer conditions must be satisfied for their generation. Thus, we are confident 9 that the basic climatological reporting characteristics in the ESWD are in the process of 10 converging toward their "true" distributions. 11
One way to mitigate any underreporting is to extend ESSL's collaboration with 12 NMHS in Europe to augment and homogenise the database. Another way, which is in fact one 13 of the major strengths of the ESWD, is to exploit web 2.0 functionality and to involve the 14 public in the data reporting. The public ESWD web interface at www.eswd.eu allows 15 submitting reports from all over Europe and the entire Mediterranean region. Due to the real-16 time capability of the software, the new reports appear on the map immediately following 17 submission. The public input strongly helps to close gaps in the data coverage and to increase 18 the data basis for climatological evaluation. Presently, the majority of reports come from the 19 ESWD maintenance team or via the public web interface, but the percentage of reports by 20 partner NMHS is increasing. Routine observations like SYNOP reports are not yet regularly 21 introduced into the ESWD, but feasibility studies to do so have been made (e.g., for 22 waterspouts, Dotzek et al., 2008) to assess the potential benefits of these automated reports. 23
At this time, most of the NMHS reports are entered to the ESWD by operational NMHS staff. 24
Our experience with the quality of public reports is good. The detailed ESWD 25 reporting template forms apparently discourage fake reports, and occasional errors in true 26 reports are confusion of local time and UTC, for instance, and can be corrected during 27 quality-control. Public reports often come repeatedly from the same people, interested in 28 weather phenomena and with at least some expertise. In general, more care must be taken 29 when using media information, as these can be exaggerated (e.g., calling events "tornadoes" 30 which had in reality been damaging wind gusts) or use rather stereotype wording which 31 provides little meteorological detail. Here, the practice to perform cross-checking via 32 independent sources helps to judge the reliability of individual public ESWD entries. In order 33 to keep the data sources in the ESWD traceable, however, the public reports are marked and 1 can also be evaluated separately. 2 Concerning the time period before 2004, some countries like Germany have already 3 converted their local severe storm reports to ESWD format. Here, the database can be 4 extended backward in time at least to 1950, and in the case of Germany to the late 19th 5
century. Yet for many other European countries for which severe storm data archives do exist 6 as well, the effort to convert these data to ESWD format remains to be undertaken. This has 7 been the subject of a number of project proposals with the aim to attain homogeneous data 8 coverage in Europe at least from 1950 on, and is an ongoing challenge. type, for example if based on new evidence, an initial "tornado" report must be changed to 29 "damaging wind gusts" or vice versa. 30
The basic procedure foresees that the ESSL is responsible for QC of all reports coming 31 in via the public interface while the cooperating NMHS are responsible for QC of the severe 32 weather reports in their country, as entered, for instance, through their locally installed ESWD 33 software. This is illustrated in Fig. 2a for the ESWD software version 2 and an exemplary 34 setup with the NMHS partners DWD and ZAMG (recall that the Spanish and Bulgarian 1 weather services AEMet and NIMH are cooperation partners as well). 2
Each NMHS partner performs a three-level quality-control on the data gathered at its 3 ESWD installation, while the ESSL is responsible for the three-level QC of the public reports 4 from Europe and those entered by its ESWD maintenance team. Data exchange between the 5 ESSL and the cooperating NMHS takes place in regular intervals, currently usually once a 6 day. Herein, the NMHS partners upload their new or revised data to the ESSL main server, 7 and download the new or updated public reports of severe weather in their respective 8 countries. The three-level QC process specifies that any initial report to the database receives 9 the lowest QC-level QC0 (or QC1 in reports entered by partner NMHS or ESSL if the initial 10 information is already confirmed by several sources). Further verification of the report, 11
including editing and augmenting the information contained therein, can lead to an upgrade to 12 levels QC1 or QC2. 13
The meaning of the three QC-levels in the ESWD and the underlying regulations for 14 their assignment are as follows: 15
• QC0: "as received" (new report, only retained if at least plausibility can be ascertained); 16
• QC0+: "plausibility checked" (assigned by partner organisation or ESSL); 17
• QC1: "report confirmed" by reliable sources (assigned by partner organisation or ESSL); 18
• QC2: "event fully verified" i.e. all information about this event is verified, consistent and 19 comes from reliable sources (assigned by partner NMHS or ESSL). 20
On the ESWD version 2 public web portal, the verbalisation of these QC-levels had not yet 21 been as detailed as above. However, in the fall of 2008, a completely revised ESWD software 22 version has become operational. Aside from the features described below, this ESWD 23 version 3 displays the above terminology for the QC-levels, and highlights the fresh QC0 24 reports in the tabular list compared to the already checked QC0+ entries. This visual 25 distinction between QC0 and QC0+ reports in the list will facilitate the quality-control 26 process during the main severe weather season when many new reports come in, and when it 27 has to be clear at first glance which reports still require at least the initial plausibility check. 28
Ideally, a few days after an extreme weather episode, all QC0 reports should have been either 29 raised at least to QC0+ or deleted. 30 reporting to the ESWD. This latter option may be most convenient during a test phase of 8 cooperation. 9
The new ESWD version 3 will also allow providing, for instance, the Tornado and 10
Storm Research Organisation (TORRO), or storm spotter networks like Skywarn, with a 11 dedicated user interface to submit or retrieve data and confirm public reports from their 12 countries by raising the QC-level up to QC1. As quite a level of severe weather expertise is 13 present with these organisation, such a user interface would help to make their reports more 14 prominent and visible compared to the option of using the public ESWD interface which is 15 also open to people with an unknown level of expertise. In addition, the effort to quality-16 control the genuinely public reports would thus be shared among a larger group, involving 17 trained people from the country from where the event was reported. This option is especially 18 promising in countries for which collaboration with their NMHS has not yet been established. 19
In order to assist the quality-control of the ESWD data, its data format also contains 20 fields with metadata information. For instance, aside from the pure tornado or straight-line 21 wind intensity rating, there are also fields describing on what kind of information this 22 intensity rating was based. Other metadata fields name the sources providing the report or 23 uncertainty ranges for the time of event occurrence, for instance. Particularly important in 24 verification applications of the ESWD is the information when the report was added to the 25 database. From this, one can infer if the report would in principle have been available in 26 quasi-real-time for warning decisions on the day of the event, or if it was entered only a few 27 days afterwards, based on then-available information from the media or other sources, like 28 post-event damage surveys 1 . 29 Therefore, the ESWD data format allows for both detailed event information and 30 thorough quality-control, including tracking of how the data in a particular report evolved 31 over time in the QC procedure: In ESWD version 3, the complete revision history is stored as 32 individual layers in the database entry. Starting in 2007, the first part-time ESSL staff have 1 begun to enter and quality-control reports, not only from the current year, but also back in 2 time. There are close contacts with colleagues at the cooperating NMHS concerning the QC 3 of events reported from their countries and in merging double reports of events which were 4 entered to the database both by the NMHS and via the public interface. These first years of 5 ESWD operations are a learning period for developing best practices in handling the QC 6 challenge. But the ESWD applications reviewed in the next section clearly show that taking 7 this challenge is a worthwhile task. damage is local, severe weather can continue for hours or days and affect more than one 16
European country during its lifespan. When dealing with severe weather events, researchers 17 and forecasters need to know when and where these events have taken place to enhance 18 conceptual models or theories, to assess the quality of their forecasts and warnings and to 19 evaluate the employed forecast and warning decision procedures. 20
An important component to the enhancement of the forecasting process is to increase 21 the capabilities of numerical model guidance to forecasters. To this aim, numerical models 22 use ever finer grids and have become capable of operationally resolving deep convection 23 explicitly. Severe weather phenomena like hail streaks, downbursts and tornadoes will, 24 however, remain too small to be explicitly resolved for some time to come. And even when 25 models can actually be run at ultra-high resolution, the level of uncertainty in their required 26 microscale initial conditions will still make it unlikely that model predictions could be used 27 "as is". Therefore, to translate model output to an actual forecast decision if such phenomena 28 will occur, and if so, where and when, remains a non-trivial problem. Irrespective of the 29 potential solutions to this, it must be clear that these cannot be found without knowledge of 30
where severe weather did develop in reality. 31
Most NMHS also want to be able to gather climatological information on severe 32 weather, while insurance and reinsurance companies require a hazard (and subsequently risk) 33 assessment of severe local storms. The ESWD is becoming a source of the data required to 1 carry out a systematic evaluation of severe weather events and the damage that they caused: A 2 prerequisite to obtaining a robust and homogeneous climatology and hazard analysis of severe 3 local storms in Europe. Taking all this into account, applications of the ESWD include, but 4 are not limited to: 5
• report-based climatology and hazard assessments; 6
• provision of background data for research, e. g., storm initiation and life cycles over 7 complex terrain; 8
• forecast, nowcasting or warning verification; 9
• training activities for researchers or NMHS staff. 10 Similarly, the distribution of heavy precipitation incidence does not yet reveal pronounced hot 4 spots, but does show at least a tendency for more frequent reports from southern France, the 5 Spanish Mediterranean coast and the Balearic Islands. Somewhat more detail is visible in the 6 large hail incidence map, where aside from southern Germany, also south-western France, the 7 eastern Alpine region (Southern Austria, Slovenia), as well as Romania and the Caucasus 8 region have many hail reports per unit area each year. 9
The incidence maps are updated and published annually on www.essl.org/research/. 10 During the last years, about 3500 new reports per year were added to the ESWD. If this 11 continues, the climatological significance of the maps will increase rapidly over the next few 12 years. Nonetheless, there is still a long way to go before the ESWD will have reached a level 13 of completeness similar to the severe storms database in the USA. 14 Improving completeness of the database will also enable statistical modelling of 3 tornado swath widths and lengths by Weibull distributions as well as their relation to 4 intensity, as demonstrated for the USA by Brooks (2004) . Knowledge of the area affected 5 annually by tornadoes of a given intensity in Europe is crucial for computing the tornado 6 probabilities at a point (Thom, 1963) . The path length and width information is part of the 7 ESWD data format, but many reports still do not provide both length and width data. 8
For comparison, Fig. 3b and Table 2 internationally over the recent two decades compared to the TORRO scale (Meaden, 1976) . 22
Yet it has also often been criticized for being inadequate under certain circumstances, for 23 instance when variations in building strength along the damage path play a role. These 
Verification 22
To demonstrate the potential application of ESWD reports for verification purposes, we first 23 deal with a comparison of ESWD reports to severe thunderstorm threat-level Convective 24 Forster, 2008) based on the Cb-TRAM algorithm (Zinner, 2008) . The complete study by 16
Dotzek and Forster (2008) was performed for five days with warm-season severe convection. 17
The day chosen for Fig. 4b TRAM polygons, and on two other of the five days studied, this ratio also exceeded 40%. 26
Note that the severe weather events need not exclusively occur within Cb-TRAM's detected 27 polygons, but can be shifted laterally or up/downstream from the storms due to their specific 28 thunderstorm morphology. ESWD reports also sometimes appeared at a detected cell, but just 29 before or just after a Cb-TRAM detection period. So, while no exact correspondence between 30
Cb-TRAM polygons and ESWD reports is strictly required from a physical point of view, the 31 correspondence ratios of more than 40% are encouraging. Interestingly, in the case of winter 32 thunderstorms embedded in extratropical cyclones, even an opposite situation may arise: 33
There may be many ESWD reports (like the 163 reports on 1 March 2008 for cyclone 34 "Emma"), whereas the satellite-based nowcasting optimised for warm-season convection did 1 not detect the severe potential of the low-topped cold-season storms at all. The results shown here mainly rely on the ESWD database. The range of its applications 17 extends from basic climatology to statistical climatology and hazard assessments as well as to 18 the demonstration of its use in verification studies. Clearly, a pan-European database of in situ 19 thunderstorm reports is a useful development and provides many research opportunities which 20 were unavailable before. 21
Despite the accomplishments outlined in this paper, there is still a long way to go until 22 the ESWD can be called a truly mature database. As mentioned before, underreporting of 23 specific events is still notable in a number of regions in Europe, in particular prior to 2004. 24 Yet the input to the ESWD by the public and the ESWD maintenance has led to the large 25 increase in reports over the last years, as documented by Table 1 . Bissolli et al. (2007) 26 showed for the subset of German severe storm reports from 1950-2003 that this is a longer-27 term trend and, for tornadoes, mainly stems from a dramatic increase in reported weak events, 28 especially of the F0 category. It is often conjectured that this trend might be the footprint of 29 global climate change on severe local storm occurrence. However, it is extremely unlikely 30 that this is the dominant cause. While an influence of global warming on severe 31 thunderstorms cannot be ruled out in principle, any such trend will definitively be 32 overwhelmed by the mere fact that severe storm reporting itself has become so much more 1 efficient over the last one or two decades (cf. IPCC, 2007). between the number of actual events and the number of correctly reported events is large 14 whenever a climatology and reporting program for severe local storms is initiated. The main 15 objective of the climatologist must be to bring the size of the set of correct reports as close as 16 possible to the number of actual events. To reach a reporting efficiency of 100% is unrealistic 17 and also not necessary. What is more important is consistency of the reporting system, that is, 18 the reporting efficiency should converge to a stationary and homogeneous percentage. Such 19 stable sampling would form the basis for any analysis aiming at separating reporting trends 20 from physical trends, such as possibly due to climate change. 21
Other natural disaster databases face the same or similar challenges. Among these 22
databases are Munich Re's worldwide NatCatSERVICE (www.munichre.com/en/ts/-23 geo_risks/natcatservice/default.aspx), "CRED" or EM-DAT (www.emdat.be), SHELDUS 24 (www.sheldus.org) for the USA, "La Red" or DesInventar (www.desinventar.org/en/) for 25
South America, or the WMO "severe world-weather" portal (severe.worldweather.wmo.int) 26 which is based on SYNOP reports transmitted via the WMO Global Telecommunication 27 System (GTS). 28
None of the databases above which provide European (i.e., WMO region VI) coverage 29 is exactly comparable to the ESWD, but they all have different foci. Either the databases 30 concentrate on very large events or those which cause substantial amounts of (insured) losses, 31 or their scope of included severe thunderstorms phenomena is less detailed, or their data 32 density is much less than in the ESWD, e.g. when relying on SYNOP reports alone. A general 33 weakness of the databases initiated from the science community (like ESWD or SHELDUS) 34 is that their data on losses are sparse or at least too low in many cases, as the final losses 1 caused by extreme weather events often exceed the immediate post-event estimates in the 2 media by far. Here, the insurance-related databases like NatCatSERVICE can quantify the loss 3 amounts much better, but provide less information on meteorological details or merge many 4 individual and local severe weather damage reports to a single entry in their data. 5
So while the databases above are all of a high quality in their specialised fields of 6 application, a database focusing on local ground-truth severe convective storm reports with a 7 high level of meteorological detail and with a pan-European scope was unavailable. The 8 ESWD closes this gap and thus enables applications like those illustrated in this paper. 9 10 5 Conclusions 11 Two years have passed since founding the ESSL, and the following résumé of the main 12 actions and research results can be given: 13
• The ESWD provides increasingly homogeneous pan-European coverage of severe 14 thunderstorm reports in a detailed and flexible data format including metadata 15 information; 16
• The NMHS: AEMet, DWD, NIMH and ZAMG are present cooperation partners. 17
Additional collaboration with more European NMHS is highly welcome in order to 18 enhance completeness and reusability of the database; 19
• With the new ESWD version 3, collaborating NMHS may opt to either run their local 20 installations of the ESWD database software, to access the ESWD via protected user 21 interfaces with edit permission for reports from their respective country, or start by 22 contributing via the public interface; 23
• The partner NMHS perform quality-control for their ESWD data gathered in their 24 countries. For ESSL's own, and the public severe weather reports entered on the main 25 ESWD site, the three-level QC is to be performed by ESSL; 26
• The ESWD data can successfully be applied in climatology and hazard assessments and 27 allows for comparative studies with regions prone to severe weather outside Europe; 28
• The E-scale developed by ESSL as a wind speed scale is based on physical quantities and 29 can be calibrated. Its development was triggered by ESSL's work on global tornado 30 intensity distributions; 31
• A severe weather episode in Central Europe in July 2005 showed that ESWD reports can 32 be applied to verify severe weather forecasts, watches or warnings as issued by NMHS; 33 consistently correlated to Cb-TRAM objects. Up to 47% corresponded exactly (report in 2 detection polygon), while substantially more reports lay close by these polygons. 3
The severe thunderstorm research community in Europe is evolving so rapidly that we can 4 expect a significantly augmented ESWD database in a few years. This will enable analyses 5 which are still far beyond of the scope of the present paper. 
